Elastin enables the reversible deformation of elastic tissues and can withstand decades of repetitive forces. Tropoelastin is the soluble precursor to elastin, the main elastic protein found in mammals. Little is known of the shape and mechanism of assembly of tropoelastin as its unique composition and propensity to self-associate has hampered structural studies. In this study, we solve the nanostructure of full-length and corresponding overlapping fragments of tropoelastin using small angle X-ray and neutron scattering, allowing us to identify discrete regions of the molecule. Tropoelastin is an asymmetric coil, with a protruding foot that encompasses the C-terminal cell interaction motif. We show that individual tropoelastin molecules are highly extensible yet elastic without hysteresis to perform as highly efficient molecular nanosprings. Our findings shed light on how biology uses this single protein to build durable elastic structures that allow for cell attachment to an appended foot. We present a unique model for head-to-tail assembly which allows for the propagation of the molecule's asymmetric coil through a stacked spring design.
Elastin enables the reversible deformation of elastic tissues and can withstand decades of repetitive forces. Tropoelastin is the soluble precursor to elastin, the main elastic protein found in mammals. Little is known of the shape and mechanism of assembly of tropoelastin as its unique composition and propensity to self-associate has hampered structural studies. In this study, we solve the nanostructure of full-length and corresponding overlapping fragments of tropoelastin using small angle X-ray and neutron scattering, allowing us to identify discrete regions of the molecule. Tropoelastin is an asymmetric coil, with a protruding foot that encompasses the C-terminal cell interaction motif. We show that individual tropoelastin molecules are highly extensible yet elastic without hysteresis to perform as highly efficient molecular nanosprings. Our findings shed light on how biology uses this single protein to build durable elastic structures that allow for cell attachment to an appended foot. We present a unique model for head-to-tail assembly which allows for the propagation of the molecule's asymmetric coil through a stacked spring design.
AFM | SAXS | atomic force microscopy A ll mammals rely on elastin to convey extensional elasticity to their tissues. Elastin dominates the mass of the aorta where it encounters the peaks and troughs of systole and diastole over the course of two billion heartbeats in a lifetime (1) . The lung expands with each intake of breath and elastically contracts on exhalation. The function of these tissues benefits from minimal energy loss during elastic return in each cycle of expansion and contraction. Additionally, elastin is required to function in an environment that relies on cellular contact (2-4) without compromising persistent elasticity. This high level of physical performance demanded of elastin vastly exceeds and indeed outlasts all human-made elastomers (5) .
Elastin is constructed by the hierarchical assembly and crosslinking of many tropoelastin monomers that accumulate on a microfibrillar skeleton. Tropoelastin is encoded by a single gene in humans and predominantly laid down in utero and early childhood, providing a durable resource that is intended to elastically serve until old age. This exquisite assembly helps to generate elastic tissues as diverse as artery, lung, and skin (4) . Consequences of elastolytic damage in aortic aneurysms, emphysema, and solar elastosis confirm the key roles of elastin in structure and cellular interactions (6) (7) (8) . These tissues rely on this paradoxical combination of organized tissue structures built from an intrinsically unstructured protein. Tropoelastin serves as a component of rigidly organized assemblies, yet enables the formation of dynamically distensible, elastic tissues.
Tropoelastin is frequently described in the literature as an unstructured protein, mainly because models of elasticity invoke an element of disorder within the structure (4, 9, 10). While this concept appears to be the case at the fine, more subtle intramolecular level, chaos alone is unlikely to explain the ordered assembly of tropoelastin which culminates in the formation of organized mammalian elastic tissues. This balance of supramolecular order and intramolecular disorder means that at the scale of the tropoelastin protein monomer, one would anticipate sufficient order to provide a functional and usable building block which displays a defined three-dimensional solution shape.
Results and Discussion
Tropoelastin Is a Monomer in Solution. The size and oligomer status of tropoelastin (lacking domain 26A; Fig. 1 ) was first analyzed by multiangle laser light scattering (MALLS). Tropoelastin presented an experimental molecular mass of 59;520 Da þ ∕ − 0.5% which correlates closely with the theoretical mass of 60,017 Da and is consistent with the expectation that tropoelastin is a monomer in solution (Fig. S1A) . In order to determine the solution shape of human tropoelastin, X-ray and neutron scattering measurements were made on solutions of tropoelastin. Scattering data are shown in Fig. 2 A, i. These data were assessed using Guinier plots, to check that samples were free from aggregation, and the radius of gyration (Rg) and maximum particle dimension were determined (Fig. 2 A, ii, iii) . The hydrodynamic radius of the monomer protein [5.09 þ ∕ − 0.4 nm from MALLS ( Fig. S1B) ] was smaller than the Rg [6.2 nm from SAXS (small angle scattering)] indicating an elongated species. The Kratky plot traces were indicative of a nonglobular molecule with flexible linkers (11) (Fig. 2 A, iv) . The X-ray and neutron scattering data were highly similar and this resulted in similar ab initio shapes from the different scattering experiments, vindicating the robustness of the shape defined.
Shape of Tropoelastin. To determine the 3D shape of tropoelastin in solution, the ab initio programs GASBOR and DAMMIN were used (12, 13) . Modeling allowed us to fit the experimental data with discrepancy factors χ of between 1.3 and 2.4. A typical GAS-BOR fit is displayed in Fig. 2 A, i. For each program, at least twenty separate simulations were completed to determine the uniqueness of the solution. The mean normalized spatial discre-pancy (NSD) between the simulated shapes was measured to establish the reliability of the solution (14) . GASBOR average shapes were created separately for the SAXS and SANS (small angle neutron scattering) data, each from the multiple runs using the DAMAVER suite of programs [NSD 0.902 (SAXS), 0.927 (SANS)], in order to identify common structural features. These results are shown in Fig. 2B , where each shape is displayed as a surface representation. The ab initio shape of tropoelastin from both SAXS and SANS consistently revealed an elongated asymmetric molecule ∼20 nm along its length, 16 nm end-to-end and 3 nm wide at the narrowest point which opens to 7.5 nm at the widest point ( Fig. 2 B, iv) . The molecule has clearly distinct regions starting at one terminus with a long narrow region that branches to give a larger more open appearance at the opposite terminus. The narrow elongated shape persists for ∼11 nm before branching to give a "foot" at the end of the molecule. Therefore the molecule is not compact but is relatively extended.
To validate these findings, a shell model was constructed using HYDROPRO based on the ab initio SAXS model (15) . This shell model was compared to hydrodynamic measurements of tropoelastin determined by sedimentation velocity analytical ultracentrifugation (16) . The model fitted well with the observed hydrodynamic properties (Table S1 ) (theoretical sedimentation coefficient of 2.24 Svedberg vs. an experimental value of 2.3 þ ∕ −0.2 Svedberg), demonstrating that the elongated shape of the ab initio model accurately reflected the solution form of tropoelastin.
Defining the N and C Termini. In order to determine which ends of the tropoelastin shape correspond to the N and C termini, further SAXS analysis was performed on defined fragments that extended from a fixed N terminus. Scattering was conducted on the tropoelastin fragments exons 2-18 and exons 2-25 at BioCAT and Diamond Light Source, respectively (Fig. S2 ). Data were processed using ab initio simulations as described above and shown in Fig. 3 . The shape of exons 2-18 was a uniform elongated 14.5 nm long rod-shape that was 2-3 nm wide. This region had a slight bend at approximately 60% along its length to give an internal angle of 133°. The shape of exons 2-25 overall was remarkably similar to that of exons 2-18 (NSD of 0.7 between them); however exons 2-25 had an additional protrusion at one end. The ab initio models of exons 2-18, 2-25, and full-length tropoelastin were superimposed. Exons 2-18 and 2-25 overlay closely with the linear region of the full-length molecule, and because exons 2-18 are common between all three constructs, this suggests that the linear end corresponds to the N terminus of tropoelastin. The protrusion seen in exons 2-25 corresponds exactly to the branching region in the full-length molecule and points to branching occurring at around exon 25 and the more open region therefore corresponding to the C terminus of tropoelastin.
On this basis, tropoelastin is an asymmetric molecule (16) with a gradual coil along the long, spring-like axis of the molecule. This coil region accounts for most of the elasticity of tropoelastin (17) . The spur region protruding from the side of the molecule corresponds to a predicted hinge region containing exons 20-24 (18, 19) . Beyond the spur there is a bridge to the C-terminal region. This bridge is likely to encompass domain 26; the junction between domains 25-26 (Arg515) has the highest protease susceptibility of the molecule indicating this region is exposed (20) . Between the spur and the bridge, domains 19-25 cluster such that they are enriched in cross links (21) . The tropoelastin molecule terminates in a more compact "foot-like" region. This part of the molecule includes the cell-interactive C terminus of tropoelastin (22) . The spur is seen in all three solved shapes that encompass this region (SAXS 2-25, SAXS tropoelastin, and SANS tropoelastin), and the foot is verified by SAXS and SANS of tropoelastin (Fig. 3) . In summary, structural analysis reveals two dominant, functionally relevant parts of the molecule: the coil which contributes to elasticity and the foot that encompasses the C-terminal cell contact region.
Tropoelastin Molecules Behave as Entropic Springs. One main characteristic of elastic polymers is their ability to return to their original state after deformation. Using atomic force microscopy (AFM), we stretched and relaxed single-tropoelastin molecules several times within a time scale of approximately 500 ms and up to a force of 80 pN, depending on the length of the molecule being pulled. Tropoelastin molecules responded to pulling forces in a pattern that fits well into the worm-like chain model (red line) with some nondiscrete regions (Fig. 4A ). This pattern was consistently observed for multiple single molecule analyses (Fig. 4B) . However, tropoelastin does not show typical sawtooth force-extension curves that are characteristic of the unfolding of the elastic titin Ig-like or spectrin alpha-helical domains (23) . The median value from the Gaussian fit of frequency of occurrence, yielded a mean persistence length of 0.36 AE 0.14 nm (n ¼ 158) (Fig. 4C) . The mean contour length was estimated to be 166 AE 49 nm (n ¼ 158) (Fig. 4D ). This value is smaller than that predicted for a 698 amino acid long polypeptide chain (∼250 nm) because the AFM tip picks molecules randomly with respect to their ends. The estimated value for the persistence length (p ∼ 0.36 nm) indicates that the molecule can be fully extended while maintaining elasticity (24) (25) (26) . Using the persistence length, the Young's Modulus of the tropoelastin molecule can be calculated as ∼3 kPa which is significantly more elastic than other extracellular matrix and elastic fiber molecules (27, 28) .
Our stretching experiments show that single-tropoelastin molecules possess ideal mechanical properties that fit the wormlike chain model and show single-chain elasticity. Tropoelastin is essentially simple in terms of its structure, consisting of two types of alternating domains: (i) hydrophilic cross-linking domains rich in Lys and Ala that tend to form α helices, and (ii) hydrophobic domains which confer elasticity, are rich in Val, Pro, Ala, and Gly and tend to form β turns. Unlike titin which is composed of domains that are characterized by well defined discrete discontinuities (sawtooth) during unfolding (23), tropoelastin shows a rather smooth curve suggestive of transient tertiary structures (29, 30) . The hydrophobic domains of tropoelastin are likely to be compact amorphous structures that include distorted beta strands and fluctuating turns (31) . Tropoelastin has the capacity to extend ∼8 times its resting length as the folded size of tropoelastin is ∼20 nm (Fig. 2) and it can be extended up to ∼160 nm (Fig. 4) . Globular domains, such as Ig or FnIII domains, when stretched by AFM extend form a folded length of ∼4 nm to an unfolded length of ∼30 nm (32, 33) , which is very similar to tropoelastin. Fig. 5 shows typical forward (blue) and reverse (red) force-extension traces after stretching and relaxing a tropoelastin molecule through multiple cycles. We observed no hysteresis in the tropoelastin molecule after repeated cycles within the time scale used. The stretch and relaxation profiles of tropoelastin impressively show it is a near perfect spring with minimal energy loss. Ideal elastic behavior clearly places tropoelastin in the same category as other natural elastomers such as rubbers and resilin (26, 34, 35) . In summary single molecules of tropoelastin behave as perfect elastic molecules, because they can be stretched to several times the resting length and overstretching is a fully reversible process.
Implications for the Assembly and Elasticity of Vertebrate Tissue. In vivo, elastin displays a prominent three-way covalent connection between domains 10, 19, and 25 that encompasses a rare lysinespecific desmosine cross link (36) . The solution shape of tropoelastin places domain 19 near 25 i.e., bracketing the 20-24 hinge, whereas domain 10 is located distally in the coil part of the molecule (Fig. 6A) . On the basis that the proximal 19 and 25 are donated by one tropoelastin, and 10 from a second tropoelastin molecule, a straightforward head-to-tail model ensues (Fig. 6) . The model is presented simply as a string of monomers because tropoelastin propagates by rapid association via a monomer to n-mer transition, and can accommodate the participation of oligomers in the string (16) . This model posits that one of the few desmosines in tropoelastin (37) (38) (39) is braced by two lysinonorleucines cross links with domain 10 (36) to establish a strong, reinforced link at the junction of conjoined tropoelastins. Furthermore, this array surrounds the junction with the longest molecular springs, which are provided by the hydrophobic domains 18, 20, 24, and 26. These elastic domains are critical to association (20, (40) (41) (42) .
This model mirrors the broader concept of head-to-tail assembly seen for many structural proteins such as lamin, actin, collagen I, and microfibrillar fibrillin-1. This assembly is supported by a low nanomolar binding constant (22.8 AE 2.9 nM) between associating tropoelastin monomers (Fig. S3 ). An attractive implication of this tandem arrangement is that the elasticity of the monomer is propagated along the extended molecule. Additionally, these fine tandem fibers would be capable of lateral association through presentation of their long, exposed hydrophobic axes to similar fibers. Lateral association is driven by hydrophobic interactions that dominate the length of the molecule, as evidenced by the self-aggregation of pure, isolated hydrophobic regions of tropoelastin (41, 43, 44) .
This study has analyzed the shape of hydrated tropoelastin and the elastic properties of the tropoelastin monomer. We find that elastin's extraordinary capacity for efficient elasticity resides with the monomer. The solution shape studies establish a design principle for making robust mechanical extension springs that function in an aqueous environment. Gray et al. (45) propose the oiled coil based on the elastic functionality of the hydrophobic segments, while several groups provide evidence for a compatible filamentous model (41, 46, 47) . It is clear from the current findings that these models are not mutually exclusive and can be merged. Hydrophobic domains define interspersed elastic segments that can each form a large coil. The shape of tropoelastin is dominated by a condensed coil, so the molecule can now be considered as an "oiled coiled coil." Remarkably, there are dis- tinct regions of the molecule responsible for elasticity and cell binding, as the cell-binding C terminus is bridged elastically to the coil that dominates tropoelastin. A model of head-to-tail tandem microfibers as intermediates in elastin assembly reveals how to retain elasticity, because the assembled tropoelastin molecules are effectively propagated springs.
Methods
Expression and Purification of Tropoelastin. Tropoelastin was expressed in bacteria and purified essentially as described previously (48) . SHELΔ26A (Synthetic Human Elastin without domain 26A) corresponds to amino acid residues 27-724 (gi 182,020) and describes the 60 kDa mature form of the secreted protein following removal of the signal peptide. Subfragments of tropoelastin, the molecule 2-18 (SHEL N18) and 2-25 (M155n) were prepared as previously described (49) (50) (51) .
SAXS/SANS. Small angle X-ray solution scattering on full-length tropoelastin was carried out on ID02 at the European Synchrotron Radiation Facility, Grenoble, France, using 1 m and 5 m sample to detector distances. Measurements were taken at a protein concentration of 5 mg∕mL in PBS at 10°C. The corresponding profiles were merged so as to cover the momentum transfer interval 0.0038 Å −1 < q < 0.53 Å −1 . The modulus of the momentum transfer is defined as q ¼ 4π sin θ∕λ, where 2θ is the scattering angle, and λ is the wavelength. Images were collected on a Thomson X-ray Intensifier (TH 49-427) lens coupled to a FReLoN CCD camera (2;048 × 2;048 pixels). The wavelength of X-rays used was 0.1 nm. Multiple images were obtained in time frames of 0.1 s to check for radiation damage and protein aggregation between frames. The scattering images obtained were all spherically averaged, corrections for detector artifacts and normalization to absolute scattering intensities were performed using in-house software. Buffer scattering intensities were subtracted from the sample image to remove background scattering using Primus (52) . Small angle neutron solution scattering on full-length tropoelastin was carried out at the ISIS Facility. Measurements were taken at a protein concentration of 20 mg∕mL in PBS at 10°C and covered the momentum transfer interval 0.0075
Synchrotron measurements of tropoelastin encoded by exons 2-18 were conducted at BioCAT. Protein was dissolved in 10 mM Tris HCl pH 7.0, 150 mM NaCl, 10 mM DTT and centrifuged at 16;000 × g for 15 min. The top 50% of the solution was used for data measurement to eliminate potential aggregates. SAXS data were collected while the sample was pumped at 10 μL∕ sec through a 1.5 mm diameter quartz capillary that was maintained at 23°C. The beam was focused on an 8 cm × 16 cm Aviex CCD area detector that was placed at a distance of 1.91 m from the sample cell to record five successive frames of 1 s exposure. The data were averaged and azimuthally integrated then background scattering from buffer was subtracted with in-house written Igor macros. The experimental configuration delivered a q range of 0.006-0.49 A −1 with an X-ray wavelength of 1.033 Å and flux 10 13 photons∕ sec. Guinier plot examination confirmed that radiation damage was effectively minimized.
Synchrotron measurements of tropoelastin encoded by exons 2-25 were collected using standard procedures on the I22 beamline at Diamond Light Source equipped with a photon counting detector (53, 54) . The beam was focused onto the detector placed at a distance of 5 m from the sample cell and X-ray wavelength of 0.083 nm. The covered range of momentum transfer was 0.005 < q < 0.25 Å −1 . The data were normalized to the intensity of the incident beam and the scattering of the buffer was subtracted using an in-house program. To check for radiation damage and aggregation during the SAXS experiment, the data were collected in 10 or 20 successive 10 s frames. For all SAXS data, the radius of gyration, forward scattering intensity, and distance distribution function pðrÞ were evaluated with the program GNOM (55) . Particle shapes were restored from the experimental scattering profiles using ab initio modeling with GASBOR (13) and DAMMIN (12) . Many GASBOR and DAMMIN simulations (∼20) were performed for each protein fragment, and these generated very similar but not identical shapes in each case. An averaged filtered shape was generated using DAMAVER and DAMFILT.
Atomic Force Microscopy. The mechanical properties of single-tropoelastin molecules were studied using a home-built single molecule AFM (32, 56, 57) that consists of a detector head (Digital Instruments) mounted on top of a single axis piezoelectric positioner with a strain gauge sensor (P841.10, Physik Instrumente). The P841 has a total travel of 15 μm and is attached to two piezoelectric positioners (P280.10A, Physik Instrumente) that are used to control the x and y position. This system has a z-axis resolution of a few nanometers and can measure forces in the range of 10-10,000 piconewtons (pN). The monitoring of the force is reported by the cantilever, and the control of the movement of the piezoelectric positioners, are achieved by means of two data acquisition boards (PCI 6052E, PCI 6703, National Instruments), and controlled by custom-written software (LabView; National Instruments and Igor, Wavemetrics). For AFM pulling experiments we used square-based pyramidal silicon-nitride tips with a nominal tip radius ∼20 nm on V-shaped 200-μm-long silicon-nitride cantilevers with a nominal spring constant of ∼50 pN∕nm (MLCT-AUHW: silicon-nitride gold-coated cantilevers; Veeco Metrology Group). The spring constant of each individual cantilever was calculated using the equipartition theorem (58) . The rms force noise (1-kHz bandwidth) was ∼10 pN. Unless noted, the pulling speed of the different force-distance curves was in the range of 0.1-0.5 nm∕ms.
Single-Tropoelastin Mechanics. In a typical experiment, a small aliquot of the purified tropoelastin (≤50 μL, 10 μg∕mL) was allowed to adsorb to a clean glass coverslip (for ∼10 min) and then rinsed with PBS pH 7.4. Random segments of tropoelastin molecules were then picked up by adsorption to the cantilever tip. The probability of picking up a single molecule was typically kept low (less than one in 50 attempts) by controlling the concentration of tropoelastin used to prepare the coverslips. We found that most pulls (>70%) did not show any force peaks indicating that no molecules were picked up by the AFM tip. The remaining force-extension curves show a pattern consistent with the stretching of one or more molecules. For example, Fig. 4A shows a force-extension curve that we attribute to the stretching of a single molecule; this can be nicely fitted to the worm-like-chain equation (red line). We also observed other patterns that had multiple peaks in their force-extension curves; these we attribute to the stretching of several molecules in parallel. Single molecule recordings account to only about 1% of the force-extension dataset.
Analysis of Force-Extension Curves. The extensibility of tropoelastin molecules were analyzed using the worm-like chain model of polymer elasticity (59, 60) :
where F is force, p is the persistence length, x is end-to-end length, L c is contour length of the stretched polymer. The adjustable parameters are the persistence length, p, and the contour length, L c .
Calculation of Young's Modulus. The persistence length, p, is proportional to the Young's modulus, E (61):
p ¼ ðE∕kTÞ Ã I; where I is the moment of inertia
where r is the radius of the molecule:
Assuming a wet sphere, the radius of the molecule can be taken as 5 nm which yields a Young's modulus of E ¼ 2.9 kPa.
